Thus, at the beginning of the genome sequence era, a kb to 1260 kb for the five different chromosomes. All contain, as their most prominent feature, long tandem number of centromeric proteins were known, but it was arrays of a 180 bp repeat, although this was largely far from clear to what extent there were fundamental simimissing from the sequence data (and not included in larities between those found at different centromeres. the size estimates). However, the remaining centromere Genomic Sequencing and Centromeric vicinity sequences could be examined in detail (Figure 1 ) DNA Diversity and were enriched in other known centromeric repeats, In principle, genomic sequencing projects should protransposons and retroelements. Predicted genes were vide plentiful new information on centromeric DNA serare, but (as seen previously in Drosophila; Weiler and quences. With the exception of Arabidopsis, described Wakimoto, 1995) were present, and some are likely to below, this has not happened. The reasons are partly be expressed since 27 corresponded to ESTs and four trivial and partly interesting. S. cerevisiae and S. pombe to single-copy genes with known functions: an important centromeres were well characterized before their geconclusion for other sequencing projects. The two Arabnomes were sequenced (Figure 1 ). The Caenorhabditis idopsis centromeres did not show striking overall sesequence, with only two physical map gaps remaining quence homology. and a few regions of sequence in progress, must contain Arabidopsis centromeres thus conform to the pattern the centromeric DNA, in the sense of the DNA sequences of organization seen in most species: abundant tandem at the microtubule attachment points. However, these and other repeated sequences, but no specific sesequences thus far cannot be recognized: this is perquence conservation (Figure 1 ). It is notable that the haps the most conspicuous illustration of our ignorance Arabidopsis genome, with a low content of repeated of the characteristics of centromeric DNA (Figure 1) . sequences, still has repeat-rich centromeres, and it will In the Drosophila and human sequencing projects, the be interesting to compare it with other small genomes, complete sequences contain very large gaps, especially such as Fugu. The sequence information does not give around the centromeres, which are repetitive and are direct information about centromere function, but proexcluded from the regions sequenced.
vides a basis for future systematic manipulation of the Arabidopsis Centromeres DNA, studies of protein binding, and investigations of A specific effort has been made to use large-scale sethe importance of epigenetic events. quencing to characterize the centromeres of ArabiCentromeric Protein Conservation and Variation dopsis chromosomes 2 and 4 (Copenhaver et al., 1999).
The greatest insights from the genome sequencing projOne aspect of centromere function, segregation in meioects come from the access they provide to the complete sis I, was mapped in natural chromosomes using tetrad catalogs of proteins. Genomes can be searched for homoanalysis made possible by the strain quatret1 in which logs to known centromeric proteins and a judgement can the four pollen grains remain associated in a tetrahedral be made about whether any homologous genes are orthostructure and can be used to generate progeny. Centrologs (sharing a common ancestral gene in the most recent meres defined in this way are regions of DNA lying becommon ancestral species) and retain the same function tween recombination positions, so they contain the (sometimes called isorthologs). Moreover, in principle, functional sequences but also much additional DNA.
in complete sequences "absence of evidence" becomes "evidence of absence." What do such analyses show? The regions were estimated to range in size from 550 Proteins were identified from the literature or by database searches using Entrez or BLAST, and aligned using CLUSTAL W. Similarity of homologs from different species is indicated schematically: red ϭ high (Ͼ70% identity, spread over entire length); yellow ϭ moderate (Ͻ50% identity, restricted to one or more domain); green ϭ low (no homolog detected); gray ϭ genomic sequence available, but homolog not detected; white ϭ no information.
The centromere/kinetochore complex interacts with five species is limited to a single 23 amino acid region of unknown function, and it is not clear whether the chromatin on one side and microtubules on the other. Chromatin proteins such as histones, and microtubule proteins are indeed orthologous. There are precedents for diversity in the fundamental chromosomal strucconstituents such as tubulins, are very highly conserved. Such proteins can readily be aligned and show similarity tures: Drosophila itself lacks telomerase and simple sequence telomeres. throughout their length: e.g., Ͼ90% and Ͼ70% identity, respectively (Figure 2) . We can be confident that such Thus morphologically diverse centromeres, containing unrelated DNA sequences, use some orthologous homologs are orthologs. By these standards, centromeric proteins are not at all well conserved. Many conproteins, and it is possible that a few, such as the CENP-A homologs, are universal. However, each centain long stretches of low-complexity sequence, so perhaps conservation should not be expected. Some, tromere also appears to contain some specific proteins.
Control of Centromeric Activity nevertheless, have homologs in all species where complete sequence information is available, while others
In most species, centromere activation and inactivation seem to be regulated by epigenetic events, heritable have no recognizable homolog in the other species. When homologs are present, similarity is restricted to changes without a corresponding change in DNA sequence (Karpen and Allshire, 1997). Knowledge of the DNA limited domains, and overall length can vary considerably, so it can be difficult to judge whether homologs and protein constituents is therefore only the beginning. 
